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Abstract. Urodynamic analysis is the predominant method for evaluating dysfunctions in the lower urinary tract.
The exam measures the pressure during the filling and voiding process of the bladder and is mainly interested in
the contraction of the bladder muscles. The data arising out of these pressure measurements enables the urolo-
gist to arrive at a precise diagnosis and prescribe an adequate treatment. A technique based on two optical fiber
pressure and temperature sensors with a resolution of better than 0.1 cmH2O (∼10 Pa), a stability better than
1 cmH2O∕hour, and a diameter of 0.2 mm in a miniature catheter with a diameter of only 5 Fr (1.67 mm), was
used. This technique was tested in vivo on four patients with a real-time urodynamic measurement system. The
optical system presented showed a very good correlation to two commercially available medical reference sen-
sors. Furthermore, the optical urodynamic system demonstrated a higher dynamic and better sensitivity to detect
small obstructions than both pre-existing medical systems currently in use in the urodynamic field. © 2015 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.3.037005]
Keywords: optical fiber pressure sensors; in vivo; urodynamic; pressure; differential; catheter; Fabry–Perot interferometer; fiber Bragg
grating.
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1 Introduction
Urodynamic analysis is a key asset for the advanced diagnostics
of bladder-related conditions1,2 and to date the only form of medi-
cal test with which to determine the overall functioning of the
lower urinary tract (LUT). This includes detection and possible
localization of pathological obstruction.2–4 The urodynamic pro-
cedure involves reproducing the functionality of the urinary tract
during one or multiple cycles of filling and voiding the bladder.
Using a catheter, saline solution is infused in the patient’s bladder
at a constant rate over a short time. Thereafter, the patient is asked
to urinate (i.e., voiding the bladder).
Most of the key information for diagnostics is gathered by
recording the functionality of the detrusor muscle when sub-
jected to the bladder filling/voiding process.2 Detrusor pressure
is estimated by measuring the bladder pressure with a catheter,
and subtracting the abdominal pressure recorded with a second
catheter inserted in the rectum. Currently, most pressure sensors
for urology are based on microelectromechanical systems
(MEMS) transducers connected to fluid-filled or air-charged
catheters. Fiber optic sensors (FOSs) are the main alternatives
to MEMS for biomedical applications.5 Fiber optic-based sen-
sors do not return significant competitive advantages over
MEMS, as the early generation of optical fiber pressure sensors
(OFPSs) yielded similar performances in terms of accuracy and
size with respect to MEMS. More recent developments in
pressure sensors based on extrinsic Fabry–Perot interferometer
(EFPI) principle6,7 enable the manufacture of more compact sen-
sors, with diameters inferior to 0.3 mm and which have a typical
accuracy of 2 cmH2O. EFPI sensors are based on a Fabry–Perot
cavity built on the tip of an optical fiber and sealed with a pres-
sure-sensing diaphragm on the fiber tip. Several solutions for
EFPI sensors in biomedical applications have been recently
reported.8–11 Another development is the integration of an EFPI
sensor with a temperature sensor based on a fiber Bragg grating
(FBG) which allows dual pressure/temperature sensing with
mutual compensations of both temperature and pressure as an
extension to the state-of-the-art EFPI sensor.12,13
Biocompatibility is one of the main barriers for the adoption
of EFPI sensors in the urological field. The international organi-
zation for standardization (ISO) 1099314 is the main standard
that regulates the insertion of medical devices in vivo. All-
glass designs are inherently compliant with biocompatibility
requirements, whereas most epoxy-based EFPI designs15 are
often not compliant with the ISO standard without appropriate
measures being taken. Sufficient mechanical strength of the dia-
phragm tip is another essential requirement. Although the sensor
is protected by the catheter packaging, sub-mm thickf,16 or bend-
able17 diaphragms may lead to excessive fragility.
The miniature size of fiber-optic EFPI sensors allows multi-
ple probes to be embedded in a single catheter, which is the
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same size as a standard urology catheter, e.g., 5–9 Fr (1.6–
3 mm), employed in the urodynamic exam. This multiprobe
approach allows the measurement of pressure in different loca-
tions within the bladder/urethra without creating obstruction. In
typical clinical practice,2 the detection of bladder obstruction
through the urodynamic examination involves the measurement
of detrusor pressure and flowmetry. This procedure provides the
urologist with a qualitative estimator of the patient’s bladder
obstruction exhibiting a relatively wide and ambiguous range
of urinary flow. Implementing multipoint pressure measurement
inside the bladder can progress the currently limited diagnostic
method by allowing pressure to be recorded both before and
after a potential obstruction. Accuracy, however, is a key
requirement. The initial pressure difference between two meas-
urement points is limited to∼10 cmH2O, and typically less than
5 cmH2O.
2 The sensor used in this paper has a 0.1 cmH2O
(∼10 Pa) resolution with 0.1 cmH2O accuracy,13 far better
than the recommended pressure accuracy for the existing uro-
dynamic measurements.2
Recently, in 2014, we presented the use of EFPI-based
sensors in urology,18 demonstrating that fiber-optic sensors
can replace the current pressure transducers. In this work, we
present a new catheter structure that is based on a pair of optical
fiber sensors. The sensor based on a combination of EFPI and
FBG for dual pressure and temperature measurement achieves
0.1 cmH2O accuracy. The all-glass design of the sensor is
biocompatible with a diameter of 0.2 mm. The sensor is
based on bend-insensitive fibers, which allows on-line pressure
measurement even when mechanical stress and tight bending are
applied. A pair of probes were embedded in a medical catheter
of 5 Fr (1.6 mm) thickness, for the measurement of bladder pres-
sure in two active points at 1 cm distance from each other.
Experimental online measurements were carried out in vivo
on four patients. We herein report on the differential pressure
measurement recorded during the testing, highlighting the
potential use of such metrics for advanced urological diagnos-
tics. The miniature sensor size allows multiple sensors in a sin-
gle catheter and biocompatibility is the key feature for mapping
multiple sensing points in urological diagnostic. To the best of
our knowledge, we report the first differential bladder pressure
measurement in a single catheter based on fiber optic sensors.
2 Overview of the Pressure Sensing
Technology
The combined optical fiber pressure and temperature sensor
(OFPTS) is based on two separate wavelength modulations,
namely an FPI and an FBG, both contained within one sin-
gle-mode fiber (SMF).
2.1 Structure and Fabrication
The pressure and temperature sensor is essentially an optical
fiber with an internal FBG and a reflecting diaphragm. The
SMF is a low bend loss fiber with draw tower gratings from
FBGs19 with a cladding diameter of 125 μm and a mode
field diameter of 6 μm, and is encapsulated by a glass capillary
(inner diameter of 130 μm; outer diameter of 200 μm). The
capillary is fused by a Siecor fusion splicer M90 to the SMF
on one side and sealed on the other side with an optical power-
core multimode glass fiber (o.d. of 200 μm). The powercore
fiber is polished with 0.3 μm corning-sized diamond polish
paper down to ∼6 − 10 μm. Afterward, the diaphragm thickness
is reduced by hydrofluoric (HF)-acid to h ∼ 2 μm.20 This con-
struction forms a pressure sensitive three-mirror EFPI with a
very thin diaphragm, as shown in Fig. 1(a). After the etching
process, the pressure sensors exhibit a stability of better than
1 cmH2O∕hour with a resolution of more than 0.1 cmH2O,
tested in a 60 cm burette filled with water. The FBG is inscribed
in the core of the SMF in close proximity to the point of meas-
urement of the EFPI. The light travels from a broadband light
source (BLS) to the end of the fiber-tip [i.e., the end of the sen-
sor, as shown in Fig. 1(a)]. The reflected signal returns to an
optical spectrum analyzer (OSA). The light from the FBG is
partially reflected before reaching the tip of the fiber. This
results in a high intensity of reflection at a particular wavelength,
depending only on temperature and strain.21 The narrow band
reflection is shown in Fig. 1(b) by a sharp peak in the
1550 nm wavelength range.
Since the sensor is made of glass only, sensitivity parameters
are determined by the Youngs modulus (E) and the Poissons
ratio (μ), as described in Eq. (1). The structure of the sensor
allows the end mounted diaphragm to bend (i.e., changing










with the presence of externally applied pressure (ΔP).
Furthermore, the sensitivity changes dramatically with the thick-
ness of the diaphragm (h) and the radius of the sensor (r). The
internal FBG is used for temperature measurements and for tem-
perature compensation of the EFPI.22
2.2 Optical Fiber Pressure and Temperature Sensor
Placed in a Medical Catheter
The pressure sensor is placed at the end of a 1 m optical fiber.
The bend insensitive fiber combined with additional algorithms
Fig. 1 (a) The optical fiber pressure and temperature sensor (OFPTS) based on a single-mode fiber
(SMF) with internal fiber Bragg Grating (FBG). (b) OFPTS spectrum: illustrating the superposition of
the FBG peak and the broadband Fabry–Perot interferometer (EFPI) spectrum.
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supports a bend radius of less than 5 mm. The end of the fiber is
spliced to a buffered and jacketed 5 m SMF-28 fiber and termi-
nated using an FC- angle polished connector (FC-APC). The
sensors are guided through a Y-junction as shown in Fig. 2(a)
up to the tip of the catheter. Two OFPTSs were placed into a 5 Fr
nutrisafe 2 catheter (REF 361.052) from Vygon with a length of
50 cm. The fiber is externally glued to the outside of the Y-junc-
tion to guarantee a stable placement (with no interference of glue
and saline solution) of the tip of the sensor between hole one and
two and behind hole two and three in a 1 cm distance. The glue
also seals the end of the catheter completely, which is mandatory
for an accurate measurement.
The Y-junction also allows the infusion of 0.9% saline sol-
ution to remove air from the catheter. This prevents a rapid
change of the refractive index from saline solution (n ∼ 1.34)
to air (n ∼ 1). The whole catheter-sensor structure can be easily
replaced by connecting two new sensors to the FC-APC of the
system. Figure 2(b) photographically shows the catheter with
sensors used during the uryodynamic measurement.
2.3 Optical Urodynamic System
The optical urodynamic system (OUS) is shown in Fig. 3(a).
The BLS (EXS210069-01) from Exalos has a Gaussian
shape output with a power of 14.97 mW and a bandwidth of
46.2 nm at 1554.2 nm. The amplified spontaneous emission rip-
ple is quoted as 0.074 dB over a wavelength range of 0.5 nm.
The source is connected to a 3-dB splitter guiding the light to an
optical switch from Sercalo (SW1x4-9N) with a 1 ms switching
time and a 1.0 dB insertion loss, based on micromechanical mir-
rors. The light is reflected (at the FBG and EFPI) and guided
back to the OSA (IMON-512 from Ibsen Photonics with a band-
width from 1510 to 1596 nm). The OSA has a resolution of
512 pixels corresponding to a peak shift of the EFPI spectrum
of 0.166 nm. The relatively low spectral resolution is compen-
sated by algorithms developed for EFPI pressure measurements,
which also compensate for any signal artifacts and rapid changes
of saline concentration. The optical switch was operated with a
frequency of 20 Hz in an interval of 5 frames∕cycle and
2 cycles∕sensor resulting in a 10 Hz sample rate for each sensor,
as recommended for urodynamic analysis.2 An Arduino one
board triggered the optical switch and activated the OSA
with a time delay of 2 ms to allow the optical switch to stabilize.
The signal was acquired for 20 μs, however, this could be varied
depending on the reflectivity of the sensor (i.e., weaker gratings
and higher loss in splicing need a higher acquisition time). The
complete system is housed in a hand case for protection and ease
of transport.
The software is based on a three-layer concept. First, the syn-
chronization of the switch and optical spectrum analyzer was
timed by an Arduino one board programmed in C. The OSA
acquired the light from the sensor and buffered the frames inter-
nally in an internal buffer. Second, a server programed in C++
communicates to the interrogator and provides the frames (i.e.,
measurement of the intensity of the reflected spectrum) as pack-
ages to a client over a network protocol. Finally, the client was
an in-house developed LabView program designed for urody-
namic analyses. The graphical user interface is shown in
Fig. 3(b) and shows three main graphs, indicating the pressure
trace of both OFPTSs and a third graph for differential pressure.
The software also compensates for small bending and changes
in the refractive index of the saline medium. An internal addi-
tional algorithm was developed to overcome the relatively low
spectral resolution of the interrogator and to achieve a high res-
olution of better than 0.1 cmH2O.
13
3 Measurement Setup
Urodynamic analysis is a two-fold study of the filling cyostom-
etry and the pressure-flow study of the LUT, which includes the
bladder and urethra. The bladder is surrounded by the detrusor
muscle which contracts during urination. A normal/healthy
bladder may contain 300 to 500 ml of fluid and the urination
process can reach a flow rate of >15 ml∕ sec.23 The real-time
in vivo urodynamic analysis presented in this paper was
achieved using simultaneous measurement by the optical and
standard medical equipment. Different sensors and devices
were used to provide a range of measurements.
3.1 Setup of the Equipment
In Fig. 4, the OUS is shown on the left-hand side, whereas the
medical equipment is schematically shown on the right-hand
side. In each patient, two commercially available medical sen-
sors were placed in the bladder and in the rectum, respectively.
A separate catheter was placed in the bladder to facilitate the
filling phase with saline solution and a dynamic flowmeter
was used to analyze the flow rate of urine during voiding.
3.2 Medical Reference Sensor: PICO-2000 and
SmartDyn
To guarantee an appropriate measurement comparable with cur-
rent gold standard urodynamic systems [Figs. 5(a) and 5(b)],
two commercial systems were used and the results were com-
pared with the OUS under identical conditions. The PICO-2000
is a urodynamic system produced by MenFis bioMedica.24 The
second system provided by Albyn Medical Ltd. is called
(b)(a)
Fig. 2 (a) The schematic diagram of the OFPTS in a medical catheter. Both sensors are placed at a 1 cm
distance to each other and sealed by a Y-junction. (b) The photograph of both sensors illuminated by a
red light to identify the position in the catheter.
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SmartDyn. Both systems are based on electronic sensors, meas-
uring a differential pressure in the bladder (i.e., the intravesical
pressure Pves) and the abdomen (i.e., the intra-abdominal pres-
sure Pabd). The SmartDyn system is available with a main con-
trol which connects the sensor, flowmeter, and infusion system.
The flowmeter is based on a gravimetric measurement whereby
the patient urinates into a beaker placed under a chair. This is
used to analyze the speed and volume during urination (dynamic
flow analysis). Additionally, a controlling system infuses saline
solution through the urethra into the bladder of the patient. All
measurements are collected and transferred to a PC. Figure 5(a)
shows the desk with the laptops and the OUS in the background.
The first laptop was used to analyze the OFPTS, the second lap-
top was wirelessly connected to the SmartDyn system.
3.3 Examination and Preparation
To analyze lower urinary tract symptoms (LUTSs) (e.g., incon-
tinence, urgency to urinate),23 the patient needs to undergo a cys-
tometrogram (CMG) which involves filling the bladder with
saline solution (∼0.9% salt concentration). In a healthy bladder,
the result is a minimal increase in pressure, however, if the blad-
der pressure increases beyond a determined point, this indicates
that the bladder is unhealthy and lacks elasticity (known as blad-
der compliance).25 The pressure–volume relation depends on
various factors, e.g., gender, shape, and volume of the bladder.26
Furthermore, dynamic pressure responses caused by coughing or
talking may simultaneously affect the bladder and abdomen.
When the patient starts to urinate the detrusor muscle applies
pressure mainly on the bladder. This can be expressed in
Pdet ¼ PE − Pabd; (2)
where Pdet is the pressure of the detrusor (i.e., the differential
pressure), Pves is the pressure measured in the bladder, and
Pabd is the measured pressure in the rectum.
2
The complete process of filling the bladder through voiding
is generally measured in vivo using pressure probes in both the
bladder and rectum. A pressure-flow study measures the pres-
sure of the bladder with additional analysis of the flow rate as
measured by a flowmeter.23 The pressure measurement is
recorded by two sensors, one placed in the bladder and the
other in the rectum. In the work presented here, an alternate
method is investigated, whereby two sensors have been inserted
in the same urethra catheter at a distance of 1 cm apart. The first
sensor is placed in the bladder (OFS1) and the second close to
the urethra (OFS2). The distance of 1 cm was chosen based on
the functional profile length over the maximum urethral pres-
sure.27 The highest pressure change (ΔP) can be observed
over a 1 cm distance, which can be used as an indicator for cor-
rect placement. During the insertion process, when both sensors
show a similar pressure measurement (i.e., Pdiff is comparatively
small), both sensors are correctly placed. The differential pres-
sure (Pdiff) is calculated by
(a) (b)
Fig. 3 (a) The optical urodynamic system (OUS), based on a light source, 3-dB coupler, Arduino one
board, an optical switch (4 ports) and an optical spectrum analyzer (OSA). Everything fits in a hand case
for easy transport and protection. (b) The graphical user interface (GUI) of the urinary measurement. The
first graph shows the pressure trace of the first OFS in the tip (POFS1 ). The second graph shows the
pressure of the second OFS (POFS2 ) and the third graph shows the differential pressure (Pdiff) between
the first and second sensors.
Fig. 4 The figure shows the schematic of the optical and standard medical equipment. From the optical
urodynamic system, one catheter with two sensors was inserted. The medical equipment (DYN) consists
of two separate catheters for each sensor (middle catheter) and an additional catheter (on the top) to fill
the bladder with saline solution. During the urination process, a flowmeter was used to analyze the uri-
nary flow rate.
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Pdiff ¼ POFS1 − POFS2 : (3)
Before the examination starts, the patient is placed on the
examination table [Fig. 5(b)] and both commercial sensors in
the catheters are guided through (1) the urethra into the bladder
and (2) into the rectum of the patient. The catheter with both
OFPTSs is inserted afterward, as shown schematically in
Fig. 6. The entire length of the catheter was inserted deep inside
the bladder to ensure that both OFPTSs were placed well inside
the lumen (cavity). In this way, both sensors were able to record
the same pressure, regardless of the variable patient anatomy.
After this, the patient was made to cough and if both optical
sensors were approximately sensitive to the cough, it was con-
sidered that the sensors were fully inside the urethra.
The urodynamic examination is divided into two phases. In
the first phase, the patient is asked to cough several times to test
all sensors and the bladder is infused with saline solution
(CMG). At the end of this phase, the bladder reaches a certain
maximum of volume capacity at which point the patient starts to
feel the urge to empty the bladder which indicates that the blad-
der is fully contracted. The patient then moves to the urination
chair for the voiding phase (pressure flow study). Since the sen-
sors are moving and bending during this time, the equipment
may have to be moved or even disconnected rendering the pres-
sure readings irrelevant. In the second phase, the patient empties
the bladder into a receptacle with a flowmeter situated below
recording the volume of urine. In a healthy patient, the muscles
contract and squeeze the urine out of the bladder during
urination. In a patient who exhibits a urological disorder this
function may be impaired or may not work at all.
4 Urodynamic Experimental Results
A number of results arising from the urodynamic measurement
cycles of four patients with urological disorders were recorded
over a period of a several days at the urology clinic of the
Frederico II University Hospital in Naples, Italy. Catheter type
and medical equipment were altered to guarantee a variety of
devices and to investigate the OFPTS under different conditions.
4.1 Feasibility Test with Bend-Sensitive Fiber-Based
Sensor
To investigate the feasibility of an optical fiber sensor in a uro-
dynamic measurement, a single OFPTS was tested in vivo in the
bladder of a female patient. The commercial medical sensor,
used as reference sensor in this measurement, was the PICO-
2000. In the first part, the bladder is infused with saline solution,
which results in an increase of the bladder pressure (Pves). Both
sensors show a very good correlation during the infusion, with a
correlation factor of R2 ¼ 0.93, as shown in Fig. 7. As soon the
bladder contraction starts, the patient is moving from the exami-
nation bed to the urodynamic chair, causing a high bend in the
bend sensitive fiber. The pressure trace is still observable but the
correlation factor of both sensors is reduced to R2 ¼ 0.01. In the
last phase, the patient is in the voiding phase. The bladder con-
tractions are measured by both sensors with a high correlation
of R2 ¼ 0.81.
(a) (b)
Fig. 5 (a) The measurement of the urination process is simultaneously analyzed on each laptop. (b) The
examination room is separated by a curtain in two areas. The main area contains the examination table
where the patient is placed during the insertion of the sensor.















Fig. 7 The comparison of the PICO-2000 and the OFPTS shows a
good correlation. During the movement of the patient, the bend sen-
sitive fiber lost the signal, causing an offset in the measurement.
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Since the fiber is highly sensitive to bending which can cause
a variation in the reflected signal, the online interpretation of the
data during the 16 min in vivo analyses was inaccurate.
However, in postanalysis, the high degree of correlation of both
sensors became evident.
4.2 High Sensitivity with Bend-Insensitive Sensor
The sensors were initially built by a corning optical fiber (SMF-
28). Further investigation demonstrated that the bending during
the examination changed their reflected spectrum with a bend
radius below ∼2 cm, causing artifacts which affect the online
measurement. As a result, the SMF of the OFPTS was replaced
with bend insensitive fibers from FBGS. Furthermore, the
PICO-2000 system was changed to a more advanced medical
urination system (i.e., SmartDyn). Figure 8 shows the recoded
pressure data from an online measurement, comparing the
OFPTS with the SmartDyn sensor.
The patient’s cough in instances (B) have both similar values,
indicating a good correlation. The period covered by part (A)
shows when the bladder was being filled with 200 ml of saline
solution. The volume of the infusion is controlled and recorded
by the SmartDyn system. The SmartDyn sensor shows a pres-
sure increase of ∼10 cmH2O, whereas the OFPTS increase
∼20 cmH2O. Even with an initialized time resolution corre-
sponding to a sampling frequency of 10 Hz, the details of
the OFPTS are clearer than those of the medical sensor. The
peak in (B) measured by the OFPTS in Fig. 8(b) shows two
peaks per cough. The SmartDyn sensor in Fig. 8(a) shows an
envelope of both peaks. This explains the smooth signal of
the SmartDyn sensor during the measurement. The measure-
ment of the OFPTS is shown without additional filtering of
the pressure measurement, resulting in a more detailed
observation.
4.3 Dual Optical Fiber Pressure and Temperature
Sensors System and the Medical Sensor
The previous analysis demonstrated a good correlation between
OFPTS and the commercially available sensors. The high sen-
sitivity of the sensor was capable of detecting even small var-
iations during the saline infusion. Investigation into the
reliability of the OUS has to be proved by a simultaneous meas-
urement of all four sensors during a full investigation. An addi-
tional examination with both optical sensors (OFS1 and OFS2)
in a 5 Fr catheter was used in a full analysis alongside the blad-
der (ves) and abdominal (abd) sensors. The results from filling
the bladder up to the voiding phase are shown in the 14 min
measurement in Fig. 9.
In urodynamics, the morphology of the contraction caused
by the bladder muscles is important and requires a high preci-
sion measurement. Significantly, part (B) shows contraction dur-
ing the infusion of saline solution with the same pattern in all
four sensors. However, only the two OFPTSs show a significant
increase in pressure during the infusion time, such as would be
the case for a normal healthy bladder.25 Parts (C) and (D) show a
series of coughs and (F) shows the patient’s movement, which
are not relevant for this urodynamic analysis. (E) shows some
contraction of the muscles of the bladder, indicating the urgent
need to urinate. The pressure measurement demonstrates that all
four sensors are measuring similar pressures, indicating a good
correlation.
Fig. 8 A 5-min measurement of the patient with infusion of saline sol-
ution in (A) results in a variation of pressure. (a) A 1-min measurement
during cough and infusion of the SmartDyn system. (b) The same time
period as (a) with the OFPTS.
Fig. 9 Pressure data captured using both OFPTS (i.e., the first in front of the catheter and the second
1 cm behind the first) and the SmartDyn sensors in the bladder and abdomen.
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5 Medical Interpretation
The experimental results demonstrate the high pressure and time
resolution of the optical sensors. The high correlation to the
standard medical equipment is a proof of concept. The patients
in this study were in overall healthy condition, resulting in a
stable body temperature during the measurement. To investigate
the new differential method, a full investigation with a male
patient was undertaken.
5.1 Complete Differential Pressure Analysis
Urodynamic studies are mainly interested in the contraction of the
bladder which is generated by the bladder muscles. Other bodily
movements such as coughing and talking can affect the pressures
generated in the bladder, abdomen, and rectum. To remove this
artifact, the differential pressure analysis is calculated [see
Eqs. (2) and (3)]. Figure 10(a) shows the pressure measurement
of both optical sensors (POFS1 and POFS2 ). The bladder pressure
(Pves) and abdominal pressure (Pabd) are recorded in Fig. 10(b).
Figure 10(c) shows the differential pressure measurement of both
techniques. The infusion of saline solution and the voiding vol-
ume measured by the flowmeter are shown in Fig. 10(d). The
cystometric capacity (CC) indicates a full bladder which results
in a higher activity in the pressure change.2
During the time of 1 to 11 min, the bladder is filled with
saline solution which results in an increase of the volume, as
shown by V inf in Fig. 10(d). Only the first OFPTS (POFS1) is
measuring a rise in pressure. In this case, the commercial
abdominal sensor measured a pressure increase, resulting in a
negative differential pressure, when it was anticipated that the
differential pressure would be positive due to the increase in vol-
ume. On the other hand, the differential measurement of the
OUS shows an increase in pressure. This can be explained
by the high sensitivity of the optical sensors. In our investiga-
tion, OFS1 was fully inside in the bladder, whereas the second
sensor (OFS2) was close to the patient’s urethra. This resulted in
the same pressure reading when muscle contraction occurred.
The first sensor also measured the increase in pressure caused
by the increase of volume in the bladder during infusion. Indeed,
all four sensors show the same trend, but only the first optical
sensor (OFS1) shows an increase in pressure with the infusion of
saline solution and stays constant after the infusion has stopped.
In the second part (B) of the measurement, the patient started
to urinate. The increase in Vuri in Fig. 10(d) indicates the volume
decrease in the bladder as recorded by the flowmeter. During the
urination phase, the correlation of both sensors is evident.
Furthermore, the differential pressure analysis demonstrates
that the small variations are caused by the obstruction since
they occur on both optical sensors simultaneously and are com-
pletely removed.
5.2 Pressure Performance During Infusion and
Voiding
A detailed analysis is shown in Fig. 11 which shows the bladder
contraction of the patient (PAT1) directly after the CC from the
measurement in Fig. 10. Both sensors (OFS1 and OFS2) show a
good similarity, which demonstrates the high sensitivity of the
sensors. To compare the structure of the obstruction, a second
patient (PAT2) with a clear contraction trend is also shown on
the normalized time graph. Unlike the first patient where small
variations in the graph were visible, in the case of PAT2 a nor-
mal graph was demonstrated. This could be an indicator that
PAT1 has a urological condition.
2
Fig. 10 (a) The pressure measurement by both OFPTSs. (b) The pressure by the commercial medical
reference sensor. (c) Compares the differential pressure of the OUS and the SmartDyn system. (d) The
volume of the infusion of saline solution and the volume measured by the flowmeter during voiding the
bladder. The cystometric capacity (CC) is reached at 250 ml after the cough, resulting in a higher activity
in the pressure change.
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The infusion of saline solution (i.e., increasing of bladder
volume) is controlled by the SmartDyn system. This results
in an increase in the bladder pressure (POFS1 ) only. However,
the voiding of the bladder has to be controlled by the detrusor
muscle, which effects both sensors. The differential pressure
(Pdiff) as a function of the bladder pressure (POFS1 ) is shown
in Fig. 12(a). The figure is divided into an infusion and a uri-
nation (voiding) phase. It is clearly evident that during infusion,
only the pressure of the optical sensor in the bladder (POFS1 ) has
increased. During the voiding (emptying) phase, the slope is
smaller (m ¼ 0.43) since the differential pressure (Pdiff ) during
the change of bladder pressure (POFS1 ) has become smaller. This
can be explained by the fact that the detrusor muscle is affecting
the bladder and the urethra (i.e., POFS1 and POFS2 ), resulting in a
reduced differential pressure.
The function of the differential pressure in relation to the vol-
ume after the CC was reached is shown in Fig. 12(b). This dem-
onstrates that the differential pressure is linearly increasing
during the infusion with 0.1 cmH2O∕ml. The same behavior
was also demonstrated by Malbrain and Deeren,28 whereas
the voiding phase shows a bigger change in differential pressure
(Pdiff) with the change of bladder volume (VBladder). In the
research by Malbrain and Deeren, the infusion is on the
right-hand side and the voiding phase is on the left-hand side
(i.e., the opposite of this measurement). This could be an indi-
cation of a medical condition.28
6 Conclusion
In our investigation, we demonstrated the use of OFPTSs based
on FBG and FPI in urodynamic measurements. Two pressure
sensors of 200 μm in diameter, with a resolution of 0.1 cmH2O
(∼10 Pa) and a drift of better than 1 cmH2O∕hour, were placed
into a thin multihole urinary catheter of 5 FR (1.6 mm) in diam-
eter. This allowed the simultaneous measurement of two pres-
sures in different areas of the patient’s bladder, therefore,
improving the effectiveness of the urodynamic exam and min-
imizing patient discomfort. In order to analyze the flexibility and
accuracy of the sensors in a number of in vivo examinations,
four patients with a variety of lower urinary tract conditions
and two different commercially available urodynamic systems
were chosen.
The OFPTS results presented in this paper showed a very
high correlation to the gold standard of commercially available
sensors, especially during obstruction in an infusion and urina-
tion phase. Furthermore, it showed that the optical sensors have
better resolution and sensitivity for bladder obstruction than cur-
rent measurement methods. In a clinical setting, this increased
sensitivity has the potential to benefit early patient diagnosis and
prompt management. Additionally, the optical pressure sensor
showed an increase in pressure in the patient’s bladder during
the infusion of saline water, whereas the commercially available
sensors were not capable of measuring a qualitative change. This
demonstrated the sensitivity, accuracy, and effectiveness of the
OUS compared to the commercial medical urodynamic system.
In addition, an alternative technique to the existing methods
of differential pressure analysis was tested. This state-of-the-art
technique used a pressure sensor in both the bladder and the
rectum and used the recorded pressure in both points to deter-
mine the overall differential pressure. The investigation pre-
sented in this paper is using two sensors partially separated
in only one small size catheter placed only in the bladder.
This urodynamic differential pressure analysis in one multihole






















Fig. 11 Bladder contraction of patient 1 (OFS1 and OFS2), with
changed pressure offset (to compare both charts). The bladder con-
traction of a second patient (PAT2) is shown on the normalized time
graph to compare the obstruction pattern.
Fig. 12 (a) Pressure relation of differential pressure Pdiff in relation to the bladder pressure POFS1 during
infusion and urination phase. The slope (m) of the linear fit (LF) is plotted for both phases. (b) The volume
of the bladder (VBladder) as a function of the differential pressure (Pdiff). The infusion is shown on the left-
hand side and the urination on the right-hand side.
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catheter was, to the best of our knowledge, the first measurement
based on optical fibers.
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